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Cytoprotective effects of nitrates in a cellular model of hydro- in the rate of cell death and cell proliferation resulting
nephrosis. in changes in overall cell number. In UO, apoptosis,
Background. The earliest insult to the kidney following the rather than necrosis, is the principal mechanism of cellonset of ureteral obstruction is a marked elevation in collecting
death [1]. The most pronounced histological changes aresystem pressure. This imparts a mechanical stress that is trans-
seen in the renal tubular epithelium and interstitium,mitted directly from the collecting system to the kidney sub-
stance. Renal tubular injury is the principal functional and where an increase in apoptotic rate in medullary tubular
histological change encountered, with glomerular changes be- cells is seen within the first 24 hours of UO [2]. Contribut-
ing less marked and occurring later. Nitric oxide (NO) has ing to these changes is a combination of pressure atrophy,been shown to protect against renal injury in UO, but its mode
pyelotubular reflux and ischemia [3]. The earliest of theseof action has not been clearly defined.
is elevated collecting system pressure with values of 50Methods. MDCK (canine) and HK-2 (human) renal tubu-
lar cells were grown under control conditions or subjected to to 70 mm Hg being recorded as the renal pelvis contracts
mechanical strain for periods of 24 and 48 hours. Cells were [4]. This pressure is transmitted to the renal tubules
studied treated with or without Fas-antibody, etoposide or
where tissue pressures of 50 to 70 mm Hg are encoun-diethyl maleate (DEM) alone or in combination with NG-mono-
tered one to three hours after the onset of obstructionmethyl l-arginine (L-NMMA), sodium nitroprusside (SNP) or
l-arginine. Cell proliferation and apoptosis was determined [5]. Compensatory mechanisms including increased com-
using propidium iodide DNA staining. NO production and in- pliance and dilation of the renal pelvis and collecting
ducible NO synthase (iNOS) expression were measured by the system, afferent vasoconstriction and dilation of pelvic
Griess reaction and Western blotting, respectively.
lymphatics with increased shunting of urine into the per-Results. Cells subjected to mechanical strain displayed a de-
irenal lymphatics [6], result in collecting system pressurecrease in the proportion of cells undergoing cell division. They
also showed an increased susceptibility to apoptosis. Associ- decreasing to 30 mm Hg after 24 hours obstruction and
ated with this was a decrease in Bcl-2 expression. An increase gradual resolution to normal over the subsequent four
in iNOS expression was seen in cells subjected to mechanical to six weeks [7].
strain, but no increase in NO production. The cellular effects
Several strategies have been explored to protect theof mechanical strain were reversed by SNP and l-arginine.
kidney from the injurious effects of ureteral obstruction.Conclusions. Culture of renal tubule cells in an environment
As an adjunct to drainage procedures or operative re-of mechanical strain results in an imbalance in homeostasis
and a net cell loss. This can be reversed by the administration moval of the obstruction, medical interventions have
of an NO donor or precursor. focused on vascular and cellular processes. Inhibition of
prostaglandin synthesis [8], manipulation of the renin-
angiotensin system [9] and inflammatory processes [10]
Ureteral obstruction (UO) remains an important have all been studied in detail. Nitric oxide (NO) path-
source of impaired renal function and loss of tissue mass. ways also provide potential for exploration, with NO
Underlying any alteration in homeostasis is an imbalance having direct effects on vascular, inflammatory and cellu-
lar processes. NO is formed from the semi-essential
amino acid l-arginine by the action of the nitric oxideKey words: ureteral obstruction, mechanical strain, apoptosis, nitric
oxide, renal injury. synthases (NOSs). Inhibition of NO production by the
non-specific NOS inhibitor NG-monomethyl l-arginineReceived for publication July 23, 2001
(L-NMMA) has been used to show its involvement inand in revised form January 9, 2002
Accepted for publication February 13, 2002 both the initial hyperemic response to UO [11] and dur-
ing the hypoperfusion phase of prolonged UO [12]. Ef- 2002 by the International Society of Nephrology
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forts to supplement NO levels either with l-arginine [13] force). All experiments were performed in triplicate with
at least four wells studied per treatment group.or sodium nitroprusside (SNP) [12] have been shown to
afford protection to the obstructed kidney. Vasodilatory
Quantification of apoptosisactions of nitric oxide are likely to be involved, but it is
Apoptosis was quantified as the proportion of cellsalso possible that a direct cytoprotective effect may be
with hypodiploid DNA as assessed by propidium iodideseen in UO. In the present study, using an in vitro model,
(PI) incorporation as previously described [17]. Briefly,we show that mechanical strain has a direct effect on
cells (1 106) were centrifuged at 200 g for 10 minutes,proliferation and apoptotic susceptibility in renal tubular
then resuspended in 400 L of hypotonic fluorochromecells, which may be regulated by NO.
solution [50 g/mL PI, 3.4 mmol/L sodium citrate, 1
mmol/L Tris, 0.1 mmol/L ethylenediaminetetraacetic
METHODS acid (EDTA), 0.1% Triton X-100] and stored in the dark
Cell culture at 4C for 15 to 30 minutes prior to analysis using a
Coulter ELITE flow cytometer (Coulter Electronics,Two cell lines were studied: human renal tubular cells
Fullerton, CA, USA). A minimum of 5000 events were(HK-2) [14] and Madin-Darby canine renal tubular cells
recorded and analyzed. Apoptotic cell nuclei were distin-(MDCK) [15]. Both cell lines were sourced from Ameri-
guished from normal nuclei by their hypodiploid DNA.can Type Culture Collection (ATCC, Rockville, MD,
Cellular debris was excluded from analysis by raising theUSA). HK-2 cells were cultured in Dulbecco’s modified
forward threshold. All measurements were performedEagle’s medium/F12 (DMEM/F12) containing bovine in-
using the same instrument settings. Apoptosis was con-sulin 5 g/mL, transferrin 5 g/mL, selenium 5 ng/mL,
firmed by incubation of cells with FITC-conjugatedhydrocortisone 36 ng/mL, triiodotyronine 4 pg/mL, and
annexin V and quantification on flow cytometry [17].epithelial growth factor (EGF) 10 g/mL. MDCK cells
were cultured in RPMI 1640, without l-glutamine, with Cell proliferation
5% fetal bovine serum (FBS) added. Both media were
Cell proliferation was determined by PI incorporationsupplemented with glutamine 2 mmol/L and 1% penicil-
as described above, but measuring the hyperdiploid frac-lin-streptomycin. The number of viable cells, following
tion. Cell counts of trypsinized cells were performed topassage, was determined by the trypan blue exclusion
confirm flow cytometry data.method. Cell counts were calculated on the average of
eight separate readings and expressed in millions per mL; Western blot
105 cells/mL were then plated on 24-well plates for con- Total protein was isolated after treatment from 2 
centration curves and six-well plates for mechanical 106 cells using NP-40 protein isolation solution [0.5%
strain studies. NP-40, Tris 10 mmol/L pH 8.0, 60 mmol/L KCl, 1 mmol/L
EDTA pH 8.0, 1 mmol/L dithiothreitol (DTT), 10Applying mechanical strain
mmol/L phenylmethylsulfonyl fluoride (PMSF) and 1
Cells were cultured in a mechanically active envi- mmol/L leupeptin, 1 mmol/L aprotinin and 2 mmol/L
ronment using the Flexcell 2000 apparatus (Flexcell, pepstatin]. The cell lysate was centrifuged at 13,000 rpm
McKeesport, PA, USA). This involves the application for 10 minutes at 4C. The supernatant was removed.
of a vacuum to the undersurface of culture plates with Total protein was quantified by Bradford assay using the
deformable bases [16]. Vacuum force was delivered by DC protein assay kit (Bio-Rad Hertfordshire, UK). Fifty
a Gomco suction pump regulated through a series of microgram aliquots of protein were added to each well
valves. The degree and duration of this force was con- of a 12% sodium dodecyl sulfate (SDS) polyacrylamide
trolled and recorded by a microprocessor in series with gradient gel, resolved for 80 minutes at 140 volts and
the system. electrophoretically transferred to an Immobilon-P mem-
For all experiments, cells were seeded on collagen brane (Millipore, Bedford, MA, USA) by applying 100V
I-coated 25mm six-well flexible (Flex I) or rigid (Flex II) for 80 minutes. Membranes were incubated in blocking
based plates (Flexcell; the control cultures plates had buffer [5% bovine serum albumin (BSA) in phosphate
rigid bases and therefore were not exposed to mechanical buffered saline (PBS)  0.1% Tween] for one hour at
strain). At 70 to 80% confluence, the plates were placed room temperature and then incubated in primary anti-
in the Flexcell apparatus in an incubator at 37C and body (1:1000 anti-Bcl-2, 1:5000 anti-caspase 3, 1:1000
5% CO2. Cells were studied after 24 hours and 48 hours anti-iNOS; Transduction Laboratories, Lexington, KY,
of mechanical strain, as this allowed the longest duration USA) for a further one hour at room temperature. After
of study while avoiding the problems of over-confluence. washing for 5 minutes 5 in PBS 0.1% Tween (PBST),
Two settings were applied in the different experiments: membranes were incubated for one hour at room tem-
perature in horseradish peroxidase-conjugated anti mouse0 and 11% stretch (corresponding to 8 kPa vacuum
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Fig. 2. Proliferative index in tubular cells subjected to 8 kPa mechani-
cal strain. MDCK () and HK-2 () cells were subjected to 0 (rigid)
or 8 kPa (flex) mechanical strain. Proliferative index was determined by
the proportion of cells demonstrating hyperdiploid DNA on propidium
iodide DNA staining after 24 and 48 hours of mechanical strain. *P 
0.05 versus time zero, †P  0.05 versus 24 hours, P  0.01 versus time
zero, $P  0.05 versus 24 hours, P  0.05 versus time zero.
Statistically significant differences between groups were
defined as P  0.05.
RESULTS
Fig. 1. Apoptosis in (A) MDCK and (B) HK-2 apoptosis cells subjected Effects of mechanical strain on apoptosis and
to 8 kPa mechanical strain for 24 () and 48 () hours. MDCK and
proliferation in renal tubular cellsHK-2 cells were subjected to 0 (rigid) or 8 kPa (flex) mechanical strain.
Apoptotic rate was determined by the proportion of cells demonstrating There was no significant increase in apoptosis in either
hypodiploid DNA on propidium iodide DNA staining after 24 and 48
cell line when subjected to mechanical strain either forhours of mechanical strain.
24 or 48 hours (Fig. 1). Proliferative index in MDCK
cells was seen to decrease significantly after 24 hours of
strain with a further decrease after 48 hours (P  0.05
IgG at 1:5000 dilution (Transduction Laboratories). and P  0.01, respectively). In HK-2 cells there was a
Blots were washed for a further 5 minutes  5 in PBST similar pattern seen with decreases in proliferative index
and developed using an enhanced chemiluminescence at 24 and 48 hours (both P  0.05; Fig. 2).
substrate system for detection of horseradish peroxidase: Cells were then treated with different doses of known
Super Signal (Pierce Chemicals, Rockford, IL, USA). apoptotic-inducing agents: Fas antibody, etoposide or
Radiological densities relative to those of controls were diethyl maleate (DEM). An optimum concentration of
measured using a TK/20 analyzer (Imaging Research, 250 mol/L DEM was determined for both cell lines,
Ontario, Canada). with 120 mol/L and 240 mol/L of etoposide used as
optimal concentrations to induce apoptosis in the HK-2
Nitric oxide assay and MDCK cells, respectively. Fas antibody had no sig-
Nitric oxide production was measured by means of nificant effect on either cell line. HK-2 and MDCK cells
the Griess reaction. This involved comparing 50 L ali- were stained with FITC-conjugated Fas antibody and
quots of culture supernatant with serial dilutions of no staining was detected on flow cytometry. Cells were
NaNO2 (from 1 to 128 mol/L). To this an equal volume subjected to 11% mechanical stretch for 24 and 48 hours
of Griess reagent (N-1-naphthylethylenediamine 0.1% in cycles of 12 seconds on, 3 seconds off (4 cycles per
in H2O  sulfanilamide 1% in 5% H3PO4) was added min) in the presence of these apoptotic agents, and apo-
and then incubated at room temperature for 10 minutes ptosis was quantified.
and read at 550nm(490 nm) [18]. Inducible NOS expres- Treating HK-2 cells with DEM resulted in a 148%
sion was measured by Western blot as described above. increase in apoptosis compared to untreated controls.
Applying mechanical strain for 24 hours resulted in a
Statistics further 103% increase in apoptosis (P  0.05). The
All values are expressed as means  SD. Individual MDCK cells pretreated with DEM and subjected to me-
chanical strain demonstrated a 123% increase in apopto-comparisons were performed with the Student t test.
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Fig. 3. Effects of mechanical strain on tubu-
lar cells treated with apoptotic agents HK-2
(A) and MDCK (B) cells were treated with
120 mol/L and 240 mol/L etoposide, re-
spectively, or 250 mol/L DEM in both cell
lines. Treated and untreated cells were sub-
jected to 0 (rigid; ) or 8 kPa (flex; ) me-
chanical strain. (A) Apoptosis was determined
by propidium iodide DNA staining after 24
hours of mechanical strain, *P  0.01 versus
DEM rigid, †P  0.05 versus etoposide rigid.
(B) Apoptosis confirmed with annexin V stain-
ing; the first peak represents viable cells and
the second peak represents apoptotic cells.
sis was seen compared to treated controls (P  0.01). There was also no change in the expression of caspase
8 or Bcl-XL.HK-2 cells treated with etoposide and subjected to 24
hours mechanical strain had apoptotic rate 270% higher
Effects of nitric oxide manipulation on the mechanicalthan treated cells grown on rigid plates (P  0.05). In
strain-mediated apoptotic effectMDCK cells pretreated with etoposide subjected to
strain, there was a 39% increase in apoptosis, compared Human renal tubular cell lines (HK-2) were cultured
to those grown on rigid based plates (P 0.05; Fig. 3A). under mechanical strain in the presence of the NO inhibi-
tor, L-NMMA (0.5 mmol/L and 5 mmol/L), the NO do-These results were confirmed by annexin V staining, with
an increase in the percentage of cells positive for annexin nor, SNP (200 mol/L to 500 mol/L), and the NO pre-
cursor l-arginine (2 mg/mL). Pretreatment with L-NMMAV following stretch and treatment with apoptotic induc-
ing agents (Fig. 3B). had no effect on apoptotic rates in HK-2 cells cultured
under mechanical strain, nor did it confer any changeThe effects of mechanical strain on the expression
of anti- and pro-apoptotic proteins also were assessed. on the proliferative index when compared to untreated
cells. There was no detectable difference in nitrite/nitrateMechanical strain resulted in a decrease in the expression
of the anti-apoptotic protein Bcl-2, but no change in the production in cells subjected to mechanical strain com-
pared to those grown on rigid based plates. No differencepro-apoptotic protein caspase 3 in the HK-2 cells (Fig. 4).
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Fig. 5. Inducible nitric oxide synthase (iNOS) expression. HK-2 cells
were subjected to 0 (rigid; ) or 8 kPa (flex; ) mechanical strain for
24 hours. Expression of iNOS was determined in 50 g protein aliquots
from cell lysates by Western blot. Densitometry readings were com-
pared; *P  0.05 versus rigid.
Fig. 4. Bcl-2 and caspase 3 expression. HK-2 cells were subjected to
0 (rigid;) or 8 kPa (flex;) mechanical strain for 24 hours. Expression
of (A) Bcl-2 and (B) caspase 3 were determined in 50 g protein
aliquots from cell lysates by Western blot. Densitometry readings were
compared; *P  0.05 vs. rigid. Fig. 6. Proliferative index in HK-2 cells subjected to 0 (rigid) or 8 kPa
(flex) mechanical strain for 24 hours. Proliferative index was determined
by propidium iodide DNA staining in untreated cells () and cells
where the medium was supplemented with 200 mmol/L SNP () or
Table 1. Nitrate/nitrite levels l-arginine ( ). *P  0.05 versus untreated rigid, †P  0.01 versus SNP
rigid, $P  0.01 versus l-arginine rigid.
Untreated L-NMMA SNP
Rigid 0.470.48 mol/L 0.410.19 mol/L 4.270.25 mol/La
Flex 0.680.38 mol/L 0.880.86 mol/L 4.160.24 mol/Lb
Griess reaction on supernatants from cells subjected to 8 kPa stretch for 24 nine demonstrated a similar effect when compared to
hours. Untreated and medium supplemented with 5 mmol/L L-NMMA or 200 the untreated cells subjected to mechanical strain. SNPmol/L SNP.
a P  0.001 versus rigid untreated and l-arginine had no effect on HK-2 cells grown on
b P  0.001 versus flex untreated rigid-based plates (Fig. 6).
The addition of SNP reduced the percentage of cells
undergoing apoptosis by 66% compared to those treated
with mechanical strain and DEM alone. In HK-2 cellswas seen in either group pretreated with L-NMMA, how-
ever both groups showed increased nitrite/nitrate pro- treated with etoposide and then subjected to mechanical
strain there was a 51% increase in apoptosis comparedduction when incubated with SNP (Table 1). Cells sub-
jected to mechanical strain displayed an increase in iNOS to those treated with etoposide and grown on rigid-based
plates. The addition of SNP reduced the percentage ofexpression (Fig. 5), but no detectable increase in NO
production (Table 1). cells undergoing apoptosis by 65%. Similar changes were
seen when l-arginine was used rather than SNP, withAs before, untreated cells subjected to mechanical
strain for 24 hours demonstrated a decrease in prolifera- reversal of mechanical strain-induced apoptosis in cells
treated with DEM and etoposide (Fig. 7).tive index when compared to those grown on rigid-based
plates (P  0.05). Supplementation with SNP at a con- The NO donor SNP and NO precursor l-arginine were
therefore seen to have a significant effect on the in-centration of 200 mol/L reversed this decrease. L-argi-
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Fig. 7. Apoptotic rate in HK-2 cells sub-
jected to 0 (rigid) or 8kPa (flex) mechanical
strain for 24 hours. Apoptotic rate was deter-
mined by propidium iodide DNA staining in
(A) untreated cells () and cells where the
medium was supplemented with 200 mmol/L
SNP ( ), 250 mol/L DEM ( ), 120 mmol/L
etoposide ( ), or a combination of SNP with
DEM () or etoposide ( ) (*P  0.05 vs.
DEM rigid; †P  0.001 vs. DEM flex; $P 
0.01 vs. etoposide rigid; ‡P  0.05 vs. etopo-
side flex), or (B) untreated cells and cells
where the medium was supplemented with
l-arginine DEM etoposide or a combination
of l-arginine with DEM or etoposide. Symbols
are: () untreated; ( ) l-arginine; ( ) DEM;
() DEM  l-arginine; ( ) etoposide; ( )
etoposide  l-arginine. *P  0.05 versus un-
treated rigid, †P 0.01 versus SNP rigid, $P
0.01 versus l-arginine rigid.
creased susceptibility to apoptosis induced by mechani- seen. This was a time-dependent phenomenon, with a
more pronounced decrease being seen at 48 hours. Nocal strain without effecting the direct induction of apo-
direct effect on apoptosis was seen in either cell line,ptosis by DEM or etoposide alone.
however, priming with pro-apoptotic agents and subse-
quent application of mechanical strain was seen to have
DISCUSSION a synergistic effect on apoptosis. This implies that me-
The earliest histological changes seen in UO are dila- chanical strain, at these settings, confers an increased
tion of the renal collecting ducts and distal tubules. Dila- susceptibility to apoptosis on tubular cells. Accompa-
tion is accompanied by flattening of the tubular epithelial nying this increased susceptibility to apoptosis was a
cells. As obstruction persists, dilation extends to the decrease in expression of Bcl-2. This corresponds to in
proximal tubules and tubular atrophy is seen. Changes vivo findings where apoptosis in UO is seen to increase
are often patchy in humans with areas of tubular loss within 24 hours of the onset of obstruction in medullary
being interspersed with histologically normal tissue. It tubular cells [2] and associated with this is a decrease in
is therefore likely that compliance varies between tu- Bcl-2 expression [22].
bules in UO. The mechanical strain settings applied in No change in caspase expression was seen at 24 hours.
this experiment corresponds to the lower range of those In UO increased expression can be seen at four days
used in studies that have employed a similar technique [23]; confluence of cells in culture did not allow study
[19–21]. When human and canine renal tubular cells were beyond 48 hours.
subjected to a mechanical strain of 11% stretch, compa- The effects of mechanical strain in vitro have been
rable findings were found in both cell lines, with a de- shown to differ with the degree of pressure and stretch
applied and the cell type studied. Mesangial cells displaycrease in the proportion of undergoing cell division being
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a reduced susceptibility to apoptosis and an increase in cells studied in the current experiment did not produce
cell proliferation when cultured in an environment of NO in appreciable quantities, either under control or
elevated tissue pressure [24]. This may explain the prolif- following mechanical strain settings. In keeping with this,
erative effects of disease processes such as diabetic glom- inhibition of NO production with L-NMMA had no fur-
erulonephropathy where increased tissue pressure is as- ther deleterious effect on cell proliferation or apoptosis
sociated with an expansion in cell number. In UO ele- at either setting. Functionality of the assay was confirmed
vated tissue pressure is associated with an increase in by detecting NO breakdown products in cells treated
apoptotic rate in tubular epithelial cells. Increases in with SNP. In bilateral ureteral obstruction (BUO) there
tubular cell proliferation also are reported [2], with the are decreased serum and tissue levels of l-arginine after
most pronounced changes in the tubular interstitium 24 hours obstruction [32]. There is also impairment in
[25]. There is also an increase in cell proliferation in the ability of renal tubular cells to synthesize L-arginine
the contralateral (non-obstructed) kidney [26]. In our from citrulline following release of BUO, compared to
experiments, a decrease in proliferation rate was seen control kidneys [32]. Though NO production is seen after
in renal tubular cells subjected to mechanical strain. A 24 hours of UUO, it is not of sufficient quantity to main-
more marked decrease was observed with increasing du- tain renal blood flow [12, 13]. This implies that UO repre-
ration of strain. This implies that there is production of
sents a state of relative l-arginine deficiency and reducedtrophic factors during UUO to reverse this phenomenon
capacity for NO production. Further evidence to supportand that these factors are dependent on cells other than
this is found where administration of the NO precursorthe renal tubular epithelium for their production or activ-
l-arginine [13] or the NO donor SNP [12] is renoprotec-ity (or both). Bioassays point to the existence of such a
tive in UO and the reduced capacity for NO productionsubstance or substances acting selectively on the kidneys
in UO probably confers an increased susceptibility to[27, 28], though the identity and source have yet to be
apoptosis. Mechanical strain appears to impart a similardetermined.
effect on renal tubular cells and treatment with l-argi-The apoptotic inducing agents used in this study were
nine or SNP has a protective effect against the antiprolif-selected as they initiate apoptosis by different mecha-
erative and pro-apoptotic effects of strain. Looking atnisms. Etoposide is a topoisomerase II inhibitor leading
NO and homeostasis in differing systems, there is a com-to cell cycle arrest and apoptosis. DEM functions by
plex relationship. NO is endowed with the unique abilitydepleting cells of the intracellular thiol glutathione [29].
Glutathione functions as a redox buffer and a reactive to initiate and to block apoptosis [33]. It has been shown
oxygen intermediate scavenger and its depletion [30] to directly inhibit [34] and stimulate [35] caspase activity
results in apoptosis. At higher doses either agent may and also can result in increased or decreased Bcl-2 ex-
cause necrosis, which is why the lowest dose to show pression [36]. Similarly, NO has been shown to have
a priming effect in either cell line was chosen for all both stimulatory and inhibitory effects on cell prolifera-
experiments. This also avoided the need to compare high tion [37]. In this in vitro model, as in UO, NO appears
rates of apoptosis. Cell viability assays confirmed that to be protective, thus implying a significant cytoprotec-
cell death was by apoptosis rather than necrosis in the tive role for nitrate supplementation.
treated cells. Fas antibody acts at the cell surface, induc- The parallels between the effects of mechanical strain
ing apoptosis through binding of Fas ligand and activa- on renal tubular cells and in vivo findings suggest that
tion of the Fas-associated death domain (FADD). Nei- this is a valuable model for exploring the mechanical
ther cell line demonstrated an increase in apoptotic rate effects of UO at a cellular level. Applying mechanical
in response to incubation with Fas, even at high doses.
strain, effects on cell proliferation and susceptibility toThis finding is somewhat surprising in that previous stud-
apoptosis have been demonstrated in two cell lines,ies have demonstrated Fas susceptibility in MDCK cell
amounting to a net loss in renal tubules. The mechanismslines [31], but may reflect the use of a different strain
underlying these changes also have been explored. Ourfrom those in the current study. Neither of the two tubu-
data suggest that in vitro as in vivo, UO represents alar cell lines was shown to express Fas ligand on subse-
condition where there is either an increase in consump-quent antibody staining.
tion of NO or impaired NO production, or both, resultingIncreased expression of iNOS was seen following me-
in an overall deficit of NO in the obstructed kidney.chanical strain. This corresponds to in vivo findings
Strategies to reverse this process hold promise in safe-where increased iNOS expression is seen in the renal
guarding the obstructed kidney.tubules after 24 hours UO [12] and also in rat renal
tubular epithelial cells subjected to mechanical strain
Reprint requests to Professor John M. Fitzpatrick, Department of[21]. Rat cells also demonstrated increased NO produc-
Surgery, University College Dublin, Mater Misericordiae Hospital, 47
tion when subjected to strain with NOS inhibition with Eccles Street, Dublin 7, Ireland.
E-mail: profsurg@iol.ieL-NMMA having further detrimental effects [21]. The
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